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Abstract

An experimental method for measuring the
frequency response of Pressure Sensitive Paints
(PSP) is presented. These results lead to the
development of a dynamic correction technique for
PSP measurements which is of great importance to
the advancement of PSP as a measurement
technique. The ability to design such a dynamic
corrector is most easily formed from the frequency
response of the given system. An example of this
correction technique is shown. In addition to the
experimental data, an analytical model for the
frequency response is developed from the one-
dimensional mass diffusion equation.

Nomenclature

= oxygen concentration in PSP layer
distance above metal base

time

mass diffusivity

PSP layer thickness

primer layer thickness

driving frequency

distance above primer layer

parameter in mass diffusion solution
PSP lifetime

= average oxygen concentration in the PSP
layer

Fourier amplitude spectrum

frequency

Fourier phase spectrum

transfer function

= total number of points in transfer function
sequence
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3 = Fourier transform ,

m = number of points used in transfer function
sequence

P, = “True” pressure measured from
conventional pressure transducer

P, = Corrected PSP pressure

Ppsp = PSP indicated pressure

Introduction

Pressure Sensitive Paints (PSP) are gaining
wide acceptance as a global pressure measuring
system for steady state conditions.'™ However, the
application of PSP to unsteady conditions is only
now being attempted and is complicated by the
inherently slow response of common PSP
formulations. The dynamic characteristics of a PSP
based measurement system can conveniently be
studied in the time-domain (time response) or the
frequency-domain (frequency response). The term
dynamic response will be used to refer to the general
response of PSP’s to unsteady pressures and
encompases both the time and frequency domains.
This paper focuses on the frequency response of
several typical PSP coatings using Fourier methods.
The advantage of viewing PSP behavior in the
freqency domain is that it simplifies the analysis of
complicated unsteady pressure fields and leads
directly to dynamic compensation techniques.

The dynamic response of typical PSP
coatings is limited by the mass diffusion rates of
oxygen through the binder layer." Two main
approaches have been used to improve the PSP
dynamic response: first to develop a coating with an
extremely high mass diffusivity and second, to
develop coatings with the probe molecules
concentrated on the outer surface of the paint.
Experimental results based on the first approach
hive been reported by Baron, et al.* Unfortunately,
these “fast” formulations are not always suitable for
wind tunne! testing due to high surface roughness
and questionable durability. A formulation based on
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the second approach was characterized by Carroll, et
al.,4 who observed that the “fast paint” had a
complex temporal behavior with overall response
inferior to a standard formulation.

Given the inherently slow response of
current PSP formulations and the limited success of
formulating faster coatings, it is imperative that a
thorough  understanding of the dynamic
characteristics of PSP formulations be developed
before unsteady PSP pressure measurements can be
obtained. Once the dynamic behavior of PSP
coatings is understood, then dynamic compensation
techniques may be developed to correct the time lag.
Both Baron, et al. and Carroll, et al. performed time
response characterizations of the coatings by looking
at a step change in pressur&:.“‘5 However, due to the
inherent shot noise of a PMT used as a measurement
device, the pressure values obtained in these
experiments tended to have large uncertainty. If a
technique could be developed which would reduce
the uncertainty in the experiment, the
characterizations of the paints could be determined
more accurately. The obvious manner for reducing
these errors would be to average over several
experimental runs. This leads to the idea of using a
periodic signal so that the statistics could be built up
over time. From here the transition to analysis of
the frequency response is easily made.

Experimental Setup

The setup of the experiments presented is
very standard for the measurement of PSP’s. It
consists of a lamp to illuminate the PSP sample, a
photomultiplier tube (PMT) for measuring the light
output of the sample, a test cell containing the
sample, and various optics. A schematic of this
setup is contained in Fig. 1. The lamp is a tungsten-
halogen lamp and is powered by a constant-current
power supply with photofeedback to produce an
extremely stable light intensity. The PMT is a
system made up of the photomultiplier tube, power
supply, and amplifier. The photomultiplier tube’s
range is between 185 nm and 900 nm. There are
two filters in use in the experiment. The first is
attached to the lamp and is a bandpass filter centered
at 450 nm with a full-width-at-half-max (FWHM) of
40 nm. The second is immediately before the light
from the sample enters the PMT and is also a
bandpass filter but is centered at 650 nm with a
FWHM of 90 nm. The filters used here are such
that there is no overlap between the excitation
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wavelength and the emission wavelength. A
standard optical mirror is used to redirect the light
from the lamp into the test cell. A lens is used to
focus the light from the sample onto the PMT. The
test cell, shown in Fig. 2, is specially designed for
the investigation of the response of PSP’s to pressure
as well as temperature changes. It is hexagonal in
shape with six ports entering into the volume above
the sample. The back end of the cell holds a
cylindrical volume into which temperature
controlled water can be circulated. The PSP sample
has dimensions 127 x 1.59 cm of which
approximately 1.3 cm’ can be viewed. A side view
of the PSP sample is shown in Fig. 3. A typical
sample consists of an aluminum base over which a
layer of primer paint is laid. The PSP layer is then
applied on top of the primer layer. The primer layer
is on the order of 10 pum thick and the PSP layer
ranges between 5 and 30 pm. The thickness of the
layers is measured using a nondestructive eddy
current gauge. The PSP itself consists of a
proprietary ruthenium based dye dispersed in a
silicone polymer binder. The PSP sample is
separated from a glass window by a small volume

'0.32 cm thick and 1.27 cm in diameter. Of the six

ports, only four were necessary for the experiments
presented here. The first is connected to vacuum
which is continuously drawing on the control
volume. The second is connected to a high pressure
of 200 kPa via an analog valve. This valve opens
proportional to the amount of voltage applied.
When controlled via an output from a D/A board, it
allows for the creation of arbitrary pressure field
functions. The third is connected to a conventional
pressure transducer with a useful frequency range of
500 kHz. The fourth is connected to an electronic
manometer used for calibration purposes. A valve
to the manometer can be shut after calibration to
minimize the volume. The two remaining ports are
available for the insertion of devices to measure the
temperature of the sample. The voltages from the
pressure transducer and PMT each go through
analog filtering before going to the A/D board.
These filters are first order lowpass filters with a
cutoff frequency of 480 Hz. The filtered signals are
then sampled at a rate of between 10 and 200 Hz
and digitized to 12 bits. Calibration of the PSP and
pressure transducer are performed by cracking open
the analog valve, waiting for the PSP to equilibrate,
and then recording the voltages of the PMT and
pressure transducer signals and the pressure at the
manometer. Then, the valve is cracked open a little
more and the process is repeated. Twenty
calibration points are taken between the valve being

American Institute of Aeronautics and Astronautics



completely closed and completely open. The
pressure as a function of PMT voltage is fit with a
4™ order polynomial and the transducer calibration
data are fit to a straight line.

Theoryv

The photochemical processes upon which
PSP is based have been adequately described m
previous works, and will not be repeated here."”
Suffice to say that PSP takes advantage of oxygen
quenching of a luminescent dye dispersed in an
oxygen permeable binder. As the pressure above the
layer increases, the equilibrium  oxygen
concentration within the layer increases leading to a
lower luminescence intensity. To understand the
dynamic characteristics of PSP we must first look at
the diffusion of oxygen within the layer.

The first step in investigating the frequency
response characteristics of PSP’s is to develop an
analytical model to predict the behavior of the
paints. The model developed here is identical to the
model used by Carroll, et. al. with the exception of
the boundary conditions at the upper and lower
surfaces of the coating. Rather than applying a step
rise in pressure, a sinusoidally varying pressure field
is applied. The model is defined as follows,

n(x,t) _ 1 an(x,0) W
& D, &

n(a, +a,t) = ngy +n, sin(ot) )

an(ag,t) _

- 0 ©)]

n(x,0) =n, O]

where n is the oxygen concentration at depth x and
time t, D,, is the mass diffusivity of the PSP layer,
and o is the driving frequency of the sine wave.
The constant n, represents the mean oxygen
concentration and n; is the amplitude of the
fluctuation about that mean. Equation (1) which is
the goveming differential equation is simply the
one-dimensional mass diffusion equation. Equations
(2) and (3) describe the boundary conditions at the
upper and lower interfaces of the PSP layer.
Equation (4) is the initial condition of the PSP layer.
The geometry of the problem is as shown previously
in Fig. 3. If a change of variables is made by letting
X = X —a,, an analytical solution can be reached for
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the oxygen concentration in the PSP layer as a
function of time.

%0 = A5 DT
n(X,t)=n, +n, - ; kD) ®
cos|:(—2k—-l)—n§] sin(@t - B, )cos(By)
2a
where
- ot
By =tan [—m I ] ©
and
4a’
T= D.. @)

It should be noted that the above solution is for time
approaching infinity so that all transients have been
damped out. If we then average across the thickness
of the PSP layer:

a(t) =+ J' PTCRILE: @)

1 sin(ot - 2f,)
=n,+n —sm(cot)+ _—
’ { Z (2Kk-1?

we have the average oxygen concentration in the
layer as a function of time. Note that we have
assumed that a unit area of PSP is being considered.
We can non-dimensionalize the input oxygen
concentration of Eq. (2) by subtracting n, and
dividing by n, as in Eq. (9).

n(a, +a,t)-n,
n

= sin(ot) )

In a similar manner we can non-dimensionalize the
output from Eq. (8).

nt)-ng _
n

Sm(CDt 2Bk )
sm(cot) +— (10)
kz:‘ 2k - 1)?

Since the oxygen concentration and absolute
pressure are proportional to one another, Egs. (9)
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and (10) are equivalent to the non-dlmensmnahzed
stimulus and indicated response pressures Recall
that the static calibration assumes an equilibrium
oxygen concentration across the layer. Under non-
equilibrium conditions, as in Eq. (10), the average
oxygen concentration in the layer causes an
indicated pressure different than the true pressure of
Eq. (9). Thus, we must compare the true pressure at
the surface of the PSP to the indicated pressure via
Egs. (9) and (10), respectively. We can do this by
running a computer simulation in which we step
through @ to produce the projected response of the
paints in the frequency domain. The resulting
amplitude ratio (ratio of the indicated to true
pressure) and phase shift of such a simulation are
shown in Figs. 4 and 5. In this simulation, T was set
to one and only the first 2000 terms of the sum in
Eq. (10) were used. Also mcluded in the ﬁgures are
the responses of standard 1" order and 2™ order
systems. The magnitude and phase responses of a
1st order system are given in Egs. (11) and (12)

1
A = 11
$,(@) = —tan"(07) (12)

Similarly, for a 2™ order system (critically damped):

1

_ _ 13
AL(®) @0 2 (13)
$,(0)=—-2tan" (01) (14)

Note that to achieve the data in the amplitude and
phase response graphs, we must take twenty times
the log of the amplitude ratio to get the amplitude
ratio in decibels (dB), and we must multiply the
phase shift by 180 and divide by = to change from
radians to degrees. For a 1* order system, the
amplitude ratio has a high-frequency asymptote with
slope -20 dB/decade and the phase shlft levels off at
-90° for large frequencies. For a 2™ order system,
these values are -40 dB/decade and -180°. So,
following the trends of 1" and 2™ order systems, it
would appear that the response of the PSP model is
that of a “1/2 order system” since the high-
frequency asymptote of the amplitude ratio has a
slope of -10 dB/decade and the phase shift levels off
at -45° for large frequencies. However, in the
neighborhood of the break point the behavior of both
the amplitude ratio and the phase shift differ from
what one would expect out of a “1/2 order system,”
namely,

4

1
Ay@)=——

KO o (4
¢%(m)=—%tan'l(co1:) (16)

However, with the use of curve-fitting software,
analytic functions were found which adequately fit
the amplitude and phase response of this model and
are detailed in Egs. (17) - (19).

01551
Ange(@)=————r a7
ol 0+ (0%551)]%
+ 0.8449
i+ (m%.s%s)z ]%
brasa(®@)= =2 tan"(@1) 18)
_ 02446
1+ 08115y exp(0.09437)
where
v =log(®Y )’ (19)

Note that the break point of a system is defined as
the point where @t = 1, or, when the amplitude ratio
is at -3 dB. Since ® = 2nf, we then have a
convenient way of calculating T. That is, find the
frequency at the break point, f,,, and then compute
v = 1/2nf,,. In the next section, the behavior of the
model PSP system is compared to experimentally
obtained PSP data by matching the break points of
the model and the data.

Results

There are many benefits to working in the
frequency-domain. The first is that the experiments
involved are generally periodic in time. This allows
for averaging over successive periods of the data.
Another way which eliminates the noise even more
efficiently is to apply Wiener filtering to the data.
This involves the averaging of power spectra
(Fourier magnitude squared) and then subtracting off
the background white noise.”  Unfortunately, the
frequency response involves not only the Fourier
magnitude but also the phase spectrum. Simply
averaging the phase spectra does not produce a good
measure of the phase at high frequencies. For this
reason an algorithm was developed which involves
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creating a histogram for each discrete frequency bin
of the phase spectrum. Each time a phase spectrum
is taken, the measurement at each frequency is put
into the histogram at that frequency. After several
spectra have been acquired and put into the
histograms, the maxima of each histogram is easily
pulled out. One disadvantage of this method is that
the data acquisition must be triggered on the
pressure wave else the phase measurements will be
uncorrelated. Fortunately, triggering the acquisition
on the rising edge of the wave is simple to
accomplish. In a typical experiment, one could
imagine driving the pressure field using a sinusoidal
function. However, such an experiment is limited in
that it only provides information about a particular
frequency. Fortunately again, there is a way to get
more information out of a single experiment. That
is, rather than using a sinusoidal pressure field, one
can use a sawtooth shaped driving function which
will then give information at the driving frequency
and at several of the higher harmonics as presented
by Carroll, et. al® Such were the experiments
performed here.

There are several questions that arise in the
general use of PSP’s. The first, is whether the
response of the paints is invariant to the mean
pressure level. That is, whether the amplitude
response changes with different mean pressure
levels. The second is whether the response of the
paints is invariant to the magnitude of the pressure
change, i.e., whether the amplitude response is a
function of the peak-to-peak amplitude of a
sinusoidal pressure field. The third is what effect
the coating thickness has on the frequency response.

To answer the first and second questions,
three successive experiments were performed on one
representative sample. The thickness of the sample
was a = 16 pum and the pressure field was driven
with a 1 Hz sawtooth wave. In these tests, three
different mean pressure levels were used: 50 kPa,
75 kPa, and 120 kPa. In addition, three different
peak-to-peak amplitudes were used: 60 kPa, 75
kPa, and 85 kPa. The amplitude ratio and phase
shift of these tests are shown in Figs. 6 and 7
respectively. Note that there is no correlation
between the pressure levels used and the PSP
response in either the amplitude ratio or the phase
shift which confirms that the frequency response of
the paints is invariant to the pressure field. Also
included in Figs. 6 and 7 are comparisons of the
analytical model from Eqgs. (17) and (18) to the
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experimental data. The value of © used in the
equations was 0.148 seconds and came from the
table in the next paragraph. Another way in which
the analytical model could have been compared to
the experimental data would be to perform a least-
squares curve fit of the analytical model to the data
with 7 as a parameter of the fit. However, since the
slope of the data for frequencies above the break
point is clearly not -10 dB/decade, it was felt that
forcing the break points of the data and the model to
occur at the same frequency was a better method of
comparison. At this point it seems quite clear that
the model does not fully explain the behavior of the
paints. However, we speculate that this might
possibly be due to oxygen absorbed into the primer
layer which is then diffusing into the PSP layer from
below, thus, corrupting the model. With respect to
the analytical model of Egs. (1) - (4), we would then
have to replace Eq. (3) with two equations. One to
represent the boundary condition at the interface
between the PSP layer and the primer layer and one
for the boundary condition at the interface between
the primer layer and the aluminum base. We would
also have to solve the diffusion equation inside the
primer layer, which would have its own mass
diffusion coefficient. In all, it appears that the
incorporation of this speculation into the existing
model would be quite complex and might not result
in as simple an analytic form as the current model of
Eq. (10). To check if the primer layer is indeed
influencing the PSP layer, there are plans to apply
the PSP layer directly to the aluminum base with no
primer layer.

As to the third question, experiments were
performed on four samples of the same style paint
but with varying thicknesses. The thicknesses of the
four samples were a = 6 pm, 11 pum, 16 pm, and 20
pm with an uncertainty of £2 pm. On each sample
two tests were performed. On the 6 pm and 11 um
samples one test was with a 1 Hz sawtooth wave and
one was with a 5 Hz sawtooth wave. For the 16 pm
and 20 pm samples, the sawtooth wave driving
frequencies were 0.1 Hz and 1 Hz. The data from
each of these pairs of tests were then spliced
together. The resulting amplitude ratio and phase
shift diagrams are shown in Figs. 8 and 9. Note in
Fig. 8 the intersection of the -3 dB line with the four
amplitude ratio curves. Recall that this intersection
takes place where T = 1/2nf,,. The following table
shows a comparison of the break frequencies fy,
characteristic lifetimes t and the effective mass
diffusivities D, calculated from Eq. (7).
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a (um) f,, (Hz) t(sec) D, (cm/sec)
6 711 0.0224  651x10°
11 271 0.0586 8.37x10°
16 1.08 0.148 7.03 x 10°¢
20 0.414 0.384 422x10%

The break point quite clearly shifts to lower
frequencies as the thickness of the paint increases
which is consistent with the analytical model. The
values of T and D, calculated here agree to within
ten percent with another method currently being
developed at the University of Florida which is
based upon the response of the PSP’s to a step
change in pressure.4 These results will be presented
in a future paper.

Once the frequency response has been
characterized, the development of a dynamic
correction technique, i.e. transfer function, can
begin. The process is fairly straightforward and is
described in most any digital signal processing text.”
That is, if A(f) and ¢(f) represent the magnitude and
phase spectra of the frequency response (output
relative to input), then h(t), the transfer function, can
be calculated

(20)

- 1
hy()=3 I[A_(f‘)m}

where 37! denotes the inverse Fourier transform
and M is the number of points in the sequence. Note
that A(f) and ¢(f) must be the two-sided magnitude
and phase spectra, not the one-sided forms shown in
Figs. 4-9. That is, for h(t) real, A(f) must be
symmetric about f,/2 and ¢(f) must be antisymmetric
about f,/2 where f, is the sampling frequency. Since
hy(t) is a sequence of discrete points, we will
change the notation slightly and replace hy(t) by
hy(i) where i ranges between 1 and M. Next we
must select the number of terms of this sequence
which best correct the input. To do this, we choose
the first m points and normalize the sequence as in
equation (21).

() = oo

ZhM(k)
k=1

@n

,fori=1,...,m

We must then experiment with m by convolving
h.,(i) with the PSP data sequence to give a corrected
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PSP data sequence, and comparing to the transducer
sequence until the correct number of terms is
determined. This comparison is most easily done in
a least-squares minimization type routine. So, if
P,(i) represents the “true” sequence, and P.(i)
represents the corrected sequence, we will vary m
until we minimize

_1< _ 2
MSE—IE,(P‘(M P, (k)) (22)

where L is the total number of points in the
sequence P (i), and P (i) is defined as

Po(i) = hpy (i) ® Ppgp (1) (23)
= Z h,, (K)Ppsp (i~ k)

k=1

In Eq. (23) Ppsp(i) is the PSP data sequence and®
represents the convolution operation. The purpose
of summing between m and L in Eq. (22) rather than
from 1 to L is that the first m-1 points of the
sequence P(i) are corrupted due to the convolution
process. Usually the number of necessary terms m is
less than ten if the sampling rate has been properly
chosen. That is, the PSP’s are limited in the
frequency of input to which they will respond. In
the experiments performed here it was found that the
PSP’s were bandlimited to frequencies less than
about 50 Hz. Or, above 50 Hz the PSP output was
so small as to be buried in noise. So, according to
Nyquist’s sampling theorem, a sampling rate above
100 Hz will collect all information carried in the
PSP data’ If the data is sampled at a rate much
greater than this many more terms of the sequence
hy(i) will be necessary to properly correct the PSP
data.

The results of this entire scheme for one
such experiment are shown in Fig. 10. In this
experiment the pressure in the test cell was driven
by a 1 Hz sawtooth wave and the data was sampled
at a rate of 128 Hz. The sample thickness was 16
pm. The corrected pressure was derived using the
first six terms of the transfer function sequence. The
dynamic correction scheme was then:

- P, (i) = 5119Ppgp (i) + 0.425Ppsp(i = 1)
~1376Ppgp(i — 4) - 0.630P,5p(i - 5)

24)
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where i = 1,...,L. This type of equation is known as
a linear constant-coefficient difference equation
(lccde). Note that the first five data points are off
the scale of the graph in Fig. 10. This graphically
shows how the first m-1 data points are corrupted by
the correction scheme as was previously mentioned.
There are three things to note about Eq. (24). First,
it represents a causal correction scheme. That is, it
does not depend on future data values of the PSP
pressure. This is good in that the correction scheme
can be run real-time in an experiment or can be run
during post-processing. Second, the sum of the
coefficients is unity. This must always be true for
any correction scheme, else the output will be
incorrectly scaled. Third, the coefficients of this
scheme are dependent on the sampling rate. So, this
corrector is only good for this particular type and
thickness of paint sampled at 128 Hz. As can be
seen in Fig. 10, this scheme corrects the PSP
pressure sequence to within 5 kPa of the true value
which is a great improvement over the PSP
measurement alone.

Conclusions

An investigation of the frequency response
of PSP’s has revealed many items of note. First, the
dynamic response of the PSP’s is not a function of
pressure. It must therefore be assumed that the
dynamic response can be completely characterized
by the lumiphore and polymer binder physical
properties. Second, the experimental results
confirmed the trend based on the analytical solution
that the square of the coating thickness has an
inverse relationship to the lifetime of the paints.
Third, it cannot be said for certain that the analytical
model developed here completely describes the
response of the PSP layers. However, this is
partially due to the physical limitations of the
experimental setup. The current test cell cannot
produce large enough pressure fluctuations at
frequencies above 50 Hz to evoke a measurable
response from the PSP’s. If such could be
designed, the high frequency response of the PSP’s
might be measured and compared to the analytical
model to see if the system is indeed a “1/2 order
system.” Finally, the dynamic correction scheme
based upon experimental data presented here
appears to be quite good.  With this new
experimental technique many phenomena such as
aircraft wing flutter or shock motion in inlets may
be fully analyzed with PSP’s.
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Fig. 2 Cut view of PSP test cell.
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Fig. 3 Side view of PSP sample including
coordinate system used in diffusion model.
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Fig. 7 Phase response of 16 um PSP sample for Fig. 9 Phase response of four different thickness
three different mean pressure levels. PSP samples.
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Fig.8 Amplitude response of four different Fig. 10 Results of correction scheme for a 1 Hz
thickness PSP samples. The circles denote the sawtooth wave input and 16 pm thick sample.

break point of each response curve where ot =1.
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